In this study, the influence of sheet thickness, loading rate, and punch diameter on the bending behaviour of twin-roll cast, rolled and heat-treated AZ31 magnesium alloy was investigated. Therefore, the 3-point bending test was performed at room temperature using an electromechanical testing machine (v = 0.1−10 mm/s) with different punch diameters (D = 2 mm, 8 mm, 16 mm). The initial material has a recrystallized microstructure with grain sizes of 6−9 µm. It is shown by the mechanical investigations that the bending force increases with the sheet thickness. In contrast to this, the bending angle is independent of the sheet thickness. In addition, the punch diameter and the loading rate do not influence the maximum force and the bending angle significantly.
Introduction
The automotive industry strives to reduce the CO 2 emissions in the next decades due to statutory specifications [1] . Beside optimized aerodynamics and engines, lightweight design is a major part to fulfil this effort. Magnesium and its alloys offer high specific mechanical properties, good workability, good shock-absorption capacity, and excellent recyclability. Thus, they were brought into focus for the automotive and aerospace constructors.
Large-scale applications are normally formed by deep drawing or stretch forming processes. Individual parts can be produced with specific bending tools. Crucial factors for the part quality are the sheet thickness, loading rate, and the anisotropic deformation behaviour. The sheet thickness dependent 3-point bending behaviour of twin-roll cast (TRC), rolled and heat-treated AZ31 is still unknown for different deformation conditions such as loading rate and punch diameter.
The aim of this article is the examination of the influence of loading rate, punch diameter, sheet thickness, and sample extraction direction on the bending behaviour of AZ31 (Mg−3Al−1Zn−0.3Mn).
Experimental Procedure
The material used in the experiment was AZ31 (Mg−3Al−1Zn−0.3Mn) magnesium alloy with different sheet thicknesses. The chemical composition is given in Table 1 . The listed conditions represent five different TRC coils. The sheets were produced using the twin-roll casting process. The principle of the TRC process was published in [2] [3] [4] . After twin-roll casting process, the homogenization process was undertaken to obtain magnesium sheets with recrystallized microstructure and free of segregations. Subsequently, the sheets were hot-rolled in several passes to produce sheets with various thicknesses of 0.6 mm, 0.8 mm, 1.0 mm, 1.5 mm, and 2.0 mm. Finally, the rolled magnesium sheets were heat-treated for recovery. The whole production process was realized at the Institute of Metal Forming (TU Bergakademie Freiberg). In order to investigate the deformation behaviour during bending, 3-point bending tests were performed ( Fig. 1 ). Three parallel samples were cut into rectangular pieces according to DIN EN ISO 7438 with a dimension of 120 mm × 20 mm (length × width). The bending tests were undertaken at room temperature with different loading rates (v = 0.1 mm/s, 1 mm/s, 10 mm/s). Accordingly, a specific test module was installed on the electromechanical test device AG 100 (Shimadzu) in which a semicircular punch with different diameter (D) is used to deform the specimen. The distance between the support rollers is constantly 72 mm. The bending force F was measured with the 100 kN load cell, whereas the bending angle α was calculated with the deflection measurement system. The measuring accuracy of the load cell is up to 0.1 % (DIN EN ISO 7500-1, class 1). The specimens were cut 0° (parallel) and 90° (perpendicular) to the rolling direction to investigate the orientation dependent deformation behaviour. Each deformation condition was repeated for three specimens.
For qualitative microstructure investigations, the deformed specimens were investigated in the region perpendicular to the crack by optical microscopy. Therefore, the samples were prepared with a specific route which was explained in [5] . Grain size measurements of the initial materials were performed with the linear intercept method on 500−700 grains in optical micrographs in the area between sheet middle and sheet surface (transition area). 
Results and Discussion
Material Characterization. The initial material exhibits an equiaxed microstructure with an average grain size of 6 µm (t = 0.6 mm), 6 µm (t = 0.8 mm), 7 µm (t = 1.0 mm), 8 µm (t = 1.5 mm), 9 µm (t = 2.0 mm). Fig. 2 shows exemplarily the microstructure of the 0.6 mm (a) and the 2.0 mm (b) sheets. Finely dispersed Al 8 Mn 5 particles were detected with scanning electron microscopy. In addition, the γ-phase (Mg 17 Al 12 ) was dissolved during the homogenization process after TRC. The tensile mechanical properties of the initial AZ31 material with different sheet thickness are Production and Further Processing of Flat Products displayed in Table 2 . In general, the strength (R p0.2 , R m ) values and the elongation to failure (A 80 ) are a function of the specimen extraction direction. This might be related to texture and surface effects. In addition, the total deformation varied in the rolling process in order to achieve the final sheet thickness. Higher deformation degrees tend to lower tensile anisotropy in yield strength and elongation to failure, because the probability of favorable oriented grains with regard to the deformation direction rises. This results in larger amounts of dislocation motion in 90° and 0° deformation direction. In addition, grain boundary sliding can also occur at room temperature, which leads to higher ductility [6] [7] [8] . There is no direct correlation between the anisotropic mechanical properties and the chemical composition. Influence of Sheet Thickness, Loading Rate and Punch Diameter on the Direction Dependent Bending Behaviour. During 3-point bending, the force rises up to the force maximum where after crack initiation and propagation occurs (Fig. 3) . This leads to a significant force drop. The influence of the sheet thickness (t), loading rate (v), and punch diameter (D) on the force maximum (F max ) and the corresponding bending angle (α c ) is displayed in Fig. 4 a−c. It can be seen that F max rises with increasing sheet thickness because the deformation volume is enlarged. In addition, the moment of resistance to bending extends with increasing sheet thickness. In contrast, α c remains nearly constant as the sheet thickness and deformation conditions are changed. The described deformation behaviour is applicable for all punch diameters. There is no significant influence of D and v on F max or α c . In the study of Li et al. [9] , a positive influence of the loading rate on F max and α c is pronounced. The spread of the α c values decreases considerably above 1.0 mm sheet thickness. Furthermore, there is no direct correlation between the bending values and the chemical composition.
The influence of the sample extraction direction on the bending behaviour is displayed in Fig. 5 as a function of the sheet thickness, loading rate, and punch diameter. At a punch diameter of 2 mm and 8 mm, the force maximum in 90° direction is generally below the F max values in 0° direction at sheet thicknesses above 1.0 mm. This is in contrast to the investigations of Kim et al. [10] on conventional rolled AZ31 sheets, where 90° is the stronger direction. The anisotropic behaviour in the present study is typical for TRC AZ31, because it might be related to texture effects [11] . At a punch diameter of 16 mm, this difference (0°−90°) is only pronounced at t = 2.0 mm. Furthermore, the bending angle at F max (α c ) is independent of the sample extraction direction and punch diameter. 
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Production and Further Processing of Flat Products The microstructure of the deformed specimens are displayed in Fig. 6 for t = 0.6 mm and t = 2.0 mm at different loading rates. The optical micrographs represent the area adjacent to the fracture surface. At sheet thickness t = 0.6 mm and loading rate of 0.1 mm/s ( Fig. 6 a) , equiaxed and nearly twin-free grains are present. The microstructure exhibits the generation of mechanical twinning especially in larger grains (d > 10 µm) when the loading rate rises to 10 mm/s (Fig. 6 b) . This behaviour is also visible with sheet thickness of t = 2.0 mm ( Fig. 6 c and d) with the difference compared to t = 0.6 mm that twinning is also apparent in the lower loading rate of 0.1 mm/s. The average grain size is higher for samples with sheet thickness of t = 2.0 mm (9 µm) than in samples with sheet thickness of t = 0.6 mm (6 µm), which is a positive driving force for mechanical twinning. Mechanical twinning can cause a Hall-Petch-like hardening effect by the twinning induced reduction of the free path length of moving dislocations [12] . Furthermore, the grain reorientation during twinning can lead to lower or higher Schmid factors for basal slip within the twin, which can also increase the hardening behaviour [13] . If the twins deform as a result of high Schmid factors (basal slip), stress concentrations can occur in the area of the grain-twin boundary. In particular, some grains are divided several times by twins when the amount of twins is higher ( Fig. 6 b and d) . It has been suggested that these twins are {10−12}<10−1−1> extension twins because of their low critical resolved shear stress in comparison to {10−11}<10−1−2> compression twins [2, 14] . It can be noted that there are no distinctive localized twin bands in the compression zone like in the study of Li et al. [15] .
The influence of the sample extraction direction (0°, 90°) on the microstructure near the fracture surface is shown in Fig. 7 . In comparison to Fig. 6 , it can be seen that at 90° deformation and a sheet thickness of 0.6 mm ( Fig. 7 a) , a rise in loading rate (Fig. 7 b) does not increase the amount of mechanical twinning. At t = 2.0 mm, the positive influence of loading rate on the mechanical twinning is nearly the same as at 0° deformation. 
70
Production and Further Processing of Flat Products
